Huntington disease (HD) is the most common inherited neurodegenerative disorder. It has no cure. The protein huntingtin causes HD, and mutations to it confer toxic functions to the protein that lead to neurodegeneration. Thus, identifying modifiers of mutant huntingtin-mediated neurotoxicity might be a therapeutic strategy for HD. Sphingosine kinases 1 (SK1) and 2 (SK2) synthesize sphingosine-1-phosphate (S1P), a bioactive lipid messenger critically involved in many vital cellular processes, such as cell survival. In the nucleus, SK2 binds to and inhibits histone deacetylases 1 and 2 (HDAC1/2). Inhibiting both HDACs has been suggested as a potential therapy in HD. Here, we found that SK2 is nuclear in primary neurons and, unexpectedly, overexpressed SK2 is neurotoxic in a dose-dependent manner. SK2 promotes DNA double-strand breaks in cultured primary neurons. We also found that SK2 is hyperphosphorylated in the brain samples from a model of HD, the BACHD mice. These data suggest that the SK2 pathway may be a part of a pathogenic pathway in HD. ABC294640, an inhibitor of SK2, reduces DNA damage in neurons and increases survival in two neuron models of HD. Our results identify a novel regulator of mutant huntingtin-mediated neurotoxicity and provide a new target for developing therapies for HD.
Introduction
Huntington disease (HD) is an incurable disease and is the most common inherited neurodegenerative disorder. HD is characterized by involuntary movements, personality changes, and dementia, and results in death 10-20 years after the appearance of symptoms. HD is caused by the N-terminal polyglutamine (polyQ) expansions in the protein huntingtin (Htt). The polyQ expansion primarily leads to degeneration of neurons in the striatum. The cortex and hippocampus are also affected as the disease progresses (1) .
The polyQ expansion confers toxic functions to the protein, and identifying modifiers of mutant Htt (mHtt)-mediated neurotoxicity has been proposed as a therapeutic strategy for HD. Over the past decade, therapeutic efforts to reduce neurotoxicity focused on histone deacetylases (HDACs) (2, 3) . HDACs deacetylate a variety of nuclear, cytoplasmic, and mitochondrial proteins, and, therefore, regulate numerous cellular processes including cell survival. Although both neuroprotective and neurotoxic roles have been described for the nuclear HDACs, pharmacological inhibitors of nuclear HDACs generally promote survival in models of neurodegenerative disorders (4, 5) .
Sphingosine kinases (SK) catalyze the phosphorylation of sphingosine to form sphingosine-1-phosphate (S1P). Mammalian cells contain two sphingosine kinases, cytoplasmic SK1 and nuclear/mitochondrial SK2. A double knock-out of these kinases is embryonically lethal, which illustrates their importance. S1P is a second messenger involved in a number of extracellular, nuclear, and cytosolic signaling pathways (6) . In the central nervous system, astrocytes secrete S1P that binds to the surface G-protein-coupled receptors (S1PR1-5) (7), four of which are found in neurons (7) . These receptors regulate migration and synapse formation (7) . In the cytosol of neuronal cells, SK1 regulates autophagy (8, 9) . In the nucleus, SK2 and S1P form a complex with HDAC1/2 that inhibits their deacetylase activity (10) .
The S1P pathway has been proposed as a therapeutic target for multiple diseases (11, 12) . We recently demonstrated that cytoplasmic SK1 regulates the degradation of mHtt (8) . Here, we hypothesized that nuclear SK2 may also modify mHttassociated neurotoxicity. Unexpectedly, we discovered that SK2 is toxic for primary neurons and induces the formation of DNA double-strand breaks (DSBs). We also found that SK2 is hyperphosphorylated in brain samples from a mouse model of HD, the BACHD mice. Remarkably, an inhibitor of SK2, ABC294640, protects against degeneration in two neuron models of HD. This suggests that targeting the SK2 pathway in HD is an attractive therapeutic strategy.
Results

SK2 is nuclear in primary cultured cortical and striatal neurons
In non-neuronal cells, SK2 is localized to the nucleus and mitochondria (10, 11, 13) . In neurons, the localization of SK2 is less clear. Several studies demonstrated that SK2 is nuclear, at least in cancerous neuron-like SH-SY5Y cells (12) , but yet another study showed the involvement of SK2 in autophagy, a strictly cytoplasmic process (14) . We, therefore, decided to determine the localization of SK2 in cultured cortical and striatal neurons, which are the most affected neuronal types in HD. As a control, we assessed the localization of SK1. Neurons were cultured from the embryonic rat cortices and striata. Neurons were fixed and stained with an antibody against SK2 or SK1. An antibody against microtubule-associated protein MAP2c was used to visualize the cytosol and dendrites, and Hoechst dye to visualize the nuclei. The SK2 staining was specific to the nucleus and the localization of SK1 was cytosolic and prominently dendritic ( Fig. 1A and B ).
SK2 promotes neurotoxicity in cortical and striatal neurons
Raising levels of nuclear S1P in neurons were proposed to be therapeutic in psychiatric conditions (12) . Yet another study showed that S1P produced by SK2 was toxic to neurons (15) . Therefore, we determined if the expression of SK2 contributes positively or negatively to neuronal health and fate in our neuronal model. A novel microscopy system, automated imaging and longitudinal analysis, enable us to track large cohorts of individual neurons over their lifetimes (16) (17) (18) (19) . We can then apply statistical approaches used in clinical medicine to the survival data, and measure neurodegeneration or neuroprotection with unprecedented specificity (17) (18) (19) . The single-cell analysis proved to be 100-1,000-fold more sensitive than conventional approaches for measuring neuronal survival (8, (17) (18) (19) (20) .
To start, we cloned a fluorescently tagged SK2 construct (SK2-GFP) and transfected primary neurons with it. Interestingly, we found that transfected neurons exhibited a significant cytosolic localization of this construct ( Fig. 2A) , unlike the endogenous SK2 (Fig. 1A) , which might be an artifact of overexpression. To exclude any cytosolic SK2 contribution to affecting neuronal homeostasis, we decided to clone fluorescently tagged SK2 that would be specifically targeted to the nucleus due to the SV40 nuclear localization signal located on the C-terminus of a fluorescent protein mApple (SK2-mApple-NLS). Most neurons transfected with SK2-mApple-NLS exhibited nuclear localization of the mApple fluorescence, as expected (Fig. 2B) .
To confirm that SK1 is not downregulated or upregulated when SK2 is overexpressed, neurons were nucleofected with either mApple (control) or the SK2-mApple-NLS construct. Unlike the lipid-based transfection techniques, nucleofection provides significant transfection efficiency, which allows neuronal extracts to be analyzed by biochemical methods (Fig. 2C) . Cultured neurons were lysed, and the levels of phospho-SK1 and pan-SK1 were assessed ( Fig. 2C and D) . As expected, the levels of both were unchanged.
We localized SK2 to the nucleus, but does ectopically expressed SK2 produce S1P in the neuronal nuclei? Cortical neurons were again nucleofected with mApple or SK2-mApple-NLS constructs. At 48 h after nucleofection, nuclei were isolated, and the S1P levels were analyzed by liquid chromatography and mass spectrometry. We observed a sevenfold increase in S1P in neurons that overexpressed the SK2-mApple-NLS construct in comparison with mApple-expressing neurons (Fig. 2E) .
Then we tested how SK2 affects neuronal survival. Primary neurons were transfected either with GFP (a marker of viability and morphology) and mApple or with GFP and SK2-mApple-NLS ( Fig. 3A-D) . Loss of the green fluorescence is a sensitive marker of neuronal death (18) (19) (20) (21) . Therefore, by analyzing when each neuron lost its fluorescence, we can measure neuronal survival with cumulative hazard statistics (Fig. 3A-D) . Surprisingly, the SK2 construct was toxic for primary cortical and striatal neurons, in comparison with control mAppleexpressing neurons (Fig. 3C and D) .
Our data indicate that overexpressed SK2 is neurotoxic. At least one study also demonstrated that artificially high levels of S1P produced by SK2 were toxic to neurons (22) . However, others showed that increased SK2 activity was neuroprotective or, at least, not toxic to neurons (12, 23) . We, therefore, wondered if the toxicity of high expression levels of SK2-mApple-NLS could mask protective properties of the SK2 construct at lower expression levels in our survival analyses. To analyze this further, we took advantage of the fact that the fluorescence intensity of an expressed protein (e.g., mApple) is directly proportional to the amount of the expressed protein (20, 21, 24) . By analyzing the levels of SK2-mApple-NLS, we can determine an effect of the dose-dependent toxicity in neuronal survival. In control cortical and striatal neurons, the levels of mApple did not correlate with a time when a neuron would die ( Fig. 3E and  F) . Expectedly, the levels of SK2-mApple-NLS correlated with neuronal death, with higher doses of the SK2 construct being more toxic ( Fig. 3E and F) . Therefore, we conclude that SK2 is toxic to primary neurons in our model.
SK2 induces DNA double-strand breaks
The toxicity of SK2 localized to the nucleus was unexpected. Although the toxicity can be caused by a wide variety of SK2-dependent mechanisms (25) (26) (27) , we hypothesized that overexpressed SK2 promotes DNA DSBs. Indeed, SK2 inhibits HDAC1/2 (10), and pharmacological inhibition or knockdown of HDAC1 results in the formation of DSBs and neurotoxicity (4, 28) . To test that, primary cortical and striatal neurons were transfected either with mApple or SK2-mApple-NLS, fixed, and stained with an antibody against cH2A.X, a marker of DNA DSBs, phosphorylated histone H2A variant X ( Fig. 4A and B) . In a positive control, neurons were treated with etoposide, a drug commonly used for inducing DNA damage in cells (29) . We observed that DNA DSBs were very rare in non-transfected and mApple-transfected neurons (Fig. 4A) . Interestingly, almost 80% (77% 6 10) of cortical and striatal neurons transfected with the SK2-mApple-NLS construct were positive for cH2A.X and had cH2A.X puncta index increased in the nuclei ( Fig. 4A and B) .
We recently published a paper on DNA damage in neurons induced by doxorubicin, a commonly used chemotherapy drug (30) . In that study, we confirmed doxorubicin-associated DNA damage with an antibody against p53-binding protein 1 (53BP1), which acts as a scaffold that recruits additional proteins to DNA break sites. Therefore, we determined if ectopically overexpressed SK2 promotes the formation of 53BP1 puncta in neuronal nuclei. Neurons were transfected with either mApple or SK2-mApple-NLS, fixed, and stained for 53BP1. Neurons that overexpressed SK2 had 53BP1 localized to puncta. In control mApple-expressing or non-transfected neurons, 53BP1 was diffuse, as expected ( Fig. 4C and D) . Based on these data, we conclude that overexpressed SK2 induces the accumulation of DNA DSBs in post-mitotic neurons, which may lead to neurotoxicity. Primary cortical neurons were transfected with SK2-mApple-NLS, fixed, and stained with an antibody against MAP2c and with DAPI. Neurons transfected with SK2-mApple-NLS exhibit nuclear localization of the construct. Scale bar is 10 lm.
Arrow depicts a transfected neuron. (C) Primary cortical neurons were nucleofected either with mApple (cont) or SK2-mApple-NLS, plated, and maintained for 3 days. Neuronal lysates were then analyzed by western blotting with antibodies against pan-SK2 (SK2), pan-SK1 (SK1) and phosphorylated SK1 (pSK1). Actin was used as a loading control. (D) Quantification of SK1 and pSK1 band intensities from (C) normalized to actin. n.s., not significant; P ¼ 0.79 and P ¼ 0.37 (t-test) for pSK1 and SK1, respectively. Results were pooled from three independent experiments.
(E) Primary cortical neurons were nucleofected with mApple (cont) or SK2-mApple-NLS plated and maintained for 3 days. The levels of S1P were measured by liquid chromatography and mass spectrometry from the nuclear neuronal fraction. ***P ¼ 0.0012 (t-test). Results were pooled from two independent experiments with triplicates in each one.
Neurodegeneration and DNA DSBs promoted by SK2 are reduced by an SK2 inhibitor SK2 has basal phosphorylation activity towards sphingosine that is enhanced by phosphorylation of SK2 by ERK1/2 (31). The ABC294640 drug specifically inhibits SK2 in non-neuronal cells (32) (33) (34) (35) (36) . To test if this inhibitor works in cultured neurons, we treated neurons with different doses of ABC294640 and analyzed SK2 phosphorylation, which indicates the catalytic activity of the enzyme (31) . Expectedly, ABC294640 reduced the levels of phospho-SK2, indicating that SK2 is partially inhibited ( Fig. 5A and B) .
Next, to examine if ABC294640 reduces neurotoxicity of ectopically expressed SK2-mApple-NLS, cortical and striatal neurons were transfected with GFP þ SK2-mApple-NLS and treated with a vehicle or ABC294640. Two neuronal cohorts were tracked for 6 days with an automated microscope, and the cumulative risk of neuronal death was analyzed. Treatment risk of death curves demonstrates that the SK2-mApple-NLS construct is neurotoxic. ***P < 0.001 (log-rank test). Two hundred neurons were analyzed. Results were pooled from three independent experiments. (D) Primary striatal neurons were transfected either with GFP þ mApple (control) or with GFP þ SK2-mApple-NLS.
Transfected neurons were tracked with an automated microscope. Cumulative risk of death was calculated from Kaplan-Meier curves. Cumulative risk of death curves demonstrate that the SK2-mApple-NLS construct is also neurotoxic to striatal neurons. ***P < 0.001 (log-rank test). Two hundred neurons were analyzed. Results were pooled from three independent experiments. (E) The average mApple-fluorescence and SK2-mApple-NLS intensities and single neuron survival to determine the dosedependent toxicity in cortical primary neurons that express the mApple or SK2-mApple-NLS construct. Neuronal survival is not affected by mApple expression.
However, higher SK2-mApple-NLS intensity lead to higher risk of death. m (control) ¼ 0.1487; m (SK2-mApple-NLS) ¼ À0.4246. ***P < 0.0001 (t-test). One hundred fifty neurons were analyzed. Results were pooled from three independent experiments. (F) The average mApple-fluorescence and SK2-mApple-NLS fluorescence intensities and single neuron survival to determine the dose-dependent toxicity in striatal primary neurons that express the mApple or SK2-mApple-NLS construct. Note that neuronal survival is affected by SK2-mApple-NLS expression. m (control) ¼ 0.1005; m (SK2-mApple-NLS) ¼ -0.4476. ***P < 0.0001 (t-test). One hundred fifty neurons were analyzed.
Results were pooled from three independent experiments. with the ABC294640 drug significantly reduced neurodegeneration associated with SK2 overexpression in both cortical and striatal neurons ( Fig. 5C and D) .
Ectopic SK2 expression induces DNA damage (Fig. 4) . Could ABC294640 reduce the formation of DNA DSBs associated with the expression of the SK2 construct? To test this, cortical and striatal neurons were transfected with SK2-mApple-NLS construct and treated with a vehicle or ABC294640. Neurons were fixed and analyzed for cH2A.X and 53BP1. Expectedly, ABC294640 reduced the formation of DNA DSBs associated with SK2 expression (Fig. 5E-G ).
Next, we tested if ABC294640 decreased acetylation levels of histones that were likely enhanced due to SK2 overexpression. Cortical and striatal neurons were transfected with mApple or with SK2-mApple-NLS and then treated with a vehicle or ABC294640. At 24 h after transfection, neurons were fixed and stained with an antibody against histone H4 (acetyl K5 þ K8 þ K12 þ K16). HDAC1/2 deacetylate these histone H4 lysines (37) . As expected, ABC294640 decreased histone acetylation that was enhanced due to overexpression of SK2-mApple-NLS (Fig. 5H-J) . Therefore, we conclude that ABC294640 inhibits SK2 in cultured primary neurons.
SK2 is upregulated in brain samples from BACHD mice
We next wondered if SK2 is altered in an HD mouse model. BACHD mice contain a bacterial artificial chromosome with a 170-kb human mHtt (97 glutamines) genomic locus and flanking sequences. The BACHD model recapitulates many molecular and cellular and behavior features observed in HD patients (38) . The symptomatic aged BACHD (8-10 months old) mice exhibit an increase in DNA damage in the brain (39) . Cortex and striatum brain areas were dissected from those mice. mHtt and DSB levels and the phosphorylation status of SK2 were assessed with antibodies against mHtt, cH2A.X, phospho-SK2 and pan-SK2. As expected, we found that the BACHD mice expressed mHtt (Fig. 6A) and exhibited more cH2A.X than WT mice ( Fig. 6B  and C) . Although the levels of pan-SK2 were not altered, the levels of phospho-SK2 were elevated in BACHD mice cortices ( Fig.  6D and E) . The changes in levels of phospho-SK2 in the striata did not reach statistical significance, but there was a clear trend towards an increase in the phosphorylation status of SK2 ( Fig.  6D and E) . Since overactive SK2 relocalizes to the cytoplasm in some types of cancer cells (40), we confirmed that SK2 is still nuclear in BACHD neurons. Indeed, hyperphosphorylated SK2 is localized to the nucleus in BACHD neurons ( Fig. 6F and G) . Our data suggest that SK2 has a negative role in the pathogenesis of HD.
Inhibitor of SK2 is protective in neuron models of HD ABC294640 reduces SK2 kinase activity and mitigates DNA damage and neurotoxicity induced by SK2 nuclear expression (Fig. 5) . We hypothesized that ABC294640 might be protective in -Q 72 -GFP-expressing neurons that were treated with ABC294640 survived better than control neurons (Fig. 7A and B) .
To confirm a neuroprotective effect of SK2 in a more physiologic HD model, we cultured cortical and striatal cultures from the wild-type and BACHD newborn pups. Neurons were transfected with mApple to visualize morphology, treated with a Primary striatal neurons transfected with GFP and mApple (control) or with GFP and SK2-mApple-NLS constructs. Neurons that express SK2-mApple-NLS and GFP were treated with a vehicle (SK2-mApple-NLS) or 1 lM ABC294640 (SK2-mApple-NLS þ ABC). Risk of death was calculated from Kaplan-Meier curves. The ABC294640 drug reduces the risk of death in SK2-mApple-NLS-expressing striatal neurons. ***P < 0.001 (log-rank test), **P ¼ 0.0058 (control vs SK2-mApple-NLS þ ABC), and **P ¼ 0.0061 (SK2-mApple-NLS vs SK2-mApple-NLS þ ABC). One hundred fifty neurons were analyzed. Results were pooled from three independent experiments.
(E) Cortical neurons were transfected with SK2-mApple-NLS, and treated with a vehicle (control) or 5 lM ABC294640 (ABC) for 24 h. Cells were fixed, stained with an antibody against cH2A.X and with the nuclear Hoechst dye (DAPI), and imaged. Note that SK2 inhibitor reduces the cH2A.X puncta index in SK2-mApple-NLS-expressing neurons compared to vehicle-treated transfected cells. Scale bar is 5 lm. (F) Quantification of the cH2A.X puncta index in cortical and striatal neurons transfected with SK2-mApple-NLS and treated with a vehicle (control) or 5 lM ABC294640 (ABC) for 24 h. ***P < 0.0001 (t-test). A.u., Arbitrary units. Three hundred neurons were analyzed from three independent experiments. (G) Quantification of the 53BP1 puncta index in cortical and striatal neurons transfected with SK2-mApple-NLS, treated with a vehicle (control) or 5 lM ABC294640 (ABC) for 24 h. **P ¼ 0.0013 and **P ¼ 0.0027 (t-test) for cortical and striatal neurons, respectively. A.u., Arbitrary units. Two hundred neurons were analyzed from three independent experiments. (H) Cortical neurons were transfected with SK2-mApple-NLS, and treated with a vehicle (control) or 5 lM ABC294640 (ABC) for 24 h. Cells were fixed, stained with an antibody against histone H4 (acetyl K5 þ K8 þ K12 þ K16, acetyl-H4) and with the nuclear Hoechst dye (DAPI), and imaged. Scale bar is 5 lm. (I) Quantification of the acetyl-H4 puncta index in cortical and striatal neurons transfected with mApple (control) or with SK2-mApple-NLS construct. ***P ¼ 0.0002 and ***P < 0.0001 (t-test) for cortical and striatal neurons, respectively. A.u., Arbitrary units. Two hundred neurons were analyzed from three independent experiments. (J) Quantification of the acetyl-H4 puncta index in cortical and striatal neurons transfected with SK2-mApple-NLS and treated with a vehicle (control) or with 5 lM ABC294640 (ABC). ***P ¼ 0.003 and ***P ¼ 0.0038 (t-test) for cortical and striatal neurons, respectively. A.u., Arbitrary units.
Two hundred neurons were analyzed from three independent experiments. vehicle or ABC294640, and tracked over time. Survival data revealed that BACHD neurons treated with ABC294640 survived better than vehicle-treated BACHD neurons (Fig. 7C and D) .
To ensure that downregulating SK2 with a genetic tool would also result in neuroprotection, we used the RNA interference method. BACHD cortical and striatal neurons were transfected with mApple and scrambled siRNA or with mApple and siRNA against SK2 mRNA. To determine if SK2 was indeed downregulated, transfected neurons were fixed and stained for SK2 ( Fig. 7E and F) . Expression of SK2 was reduced 30-35% in neurons transfected with siRNA against SK2 mRNA than in neurons transfected with scrambled siRNA (Fig. 7F) . mHtt induces DNA DSBs (46) (47) (48) (49) (50) . To test if SK2 downregulation reduces mHtt-induced DNA damage, cortical and striatal neurons were transfected with mHtt ex1 -Q 46 , mApple and scrambled siRNA or with mHtt ex1 -Q 46 , mApple and siRNA against SK2 mRNA. Neurons were fixed and analyzed for cH2A.X. SK2 downregulation reduced the cH2A.X puncta index (Fig. 7G) . Next, we cultured BACHD cortical and striatal neurons, transfected them with mApple and scrambled siRNA or with mApple and siRNA against SK2 mRNA, and followed them with our automated microscope. SK2 downregulation reduced neurotoxicity in BACHD cultures ( Fig. 7H and I) . Overall, our findings indicate that inhibiting SK2 has therapeutic benefit in HD.
Discussion
In this study, we sought to investigate the roles of SK2, a kinase that generates S1P in the nucleus, in neuronal physiology and in the pathogenesis of HD. Overexpression of SK2 is neurotoxic to cultured cortical and striatal neurons in a dose-dependent manner and leads to the formation of DNA DSBs. A small molecule inhibitor of SK2, ABC294640, mitigates DNA damage and neurotoxicity caused by SK2 overexpression. DNA damage is enhanced and SK2 is hyperphosphorylated in brain samples from the BACHD mouse model. These findings indicate that overactive SK2 may be a pathogenic mechanism in HD. Remarkably, the SK2 inhibitor is neuroprotective in two neuron models of HD, which are based on the expression of the exon-1 mHtt fragment and full-length mHtt. Our data suggest that the SK2 pathway may be a target for therapy development in HD. Different types of phospholipids, such as phosphoinositides and sphingolipids, are abundant within the interior of the nucleus, but their functions are not clear (51) . Interestingly, incubation of purified non-neuronal nuclei with phospholipids alters chromatin structure. Phospholipids may target many proteins in the neuronal nucleus that directly control transcription, splicing, and DNA damage responses. For example, increasing levels of nuclear S1P by overexpressing SK2 inhibits HDAC1/2. SK2 forms a complex with HDAC1/2, and S1P directly binds to HDAC1/2 and inhibits their deacetylase activity (10, 12) . Since HDACs have been vigorously investigated as a therapeutic target in HD, one may suggest that SK2 could be neuroprotective in HD. Our results show that the SK2 pathway in neurons may be more complex and SK2 may have partners other than HDAC1/2.
Various transcription factors interact with lipids. An example of a large protein/lipid complex that regulates transcription is a transcription complex that consists of a transcription factor SF-1, sphingosine bound to it, ceramidase, Sin3A, and HDACs. In non-neuronal cells, once ceramidase is activated by PKA, it metabolizes sphingosine, leading to the release of HDACs from the complex and the activation of transcription (52, 53) . Lipids, lipid-modifying enzymes and zinc-finger proteins also interact (54) (55) (56) . Some zinc-finger proteins, such as the components of the chromatin remodeling and transcription machinery, DNA-binding SAP30L and SAP30, bind phospholipids directly (54) . Given that all these nuclear lipid pathways are not studied in neurons, our findings open a new research avenue. Our future studies will investigate what partners are specifically targeted by SK2/S1P in neurons.
HD is caused by a single mutation in the Htt protein, but neurodegenerative processes associated with the expression of mHtt are highly complex and intertwined (1) . Htt, being a scaffold protein, interacts with hundreds of proteins, and the mutation either enhances those interactions or disrupts the Htt-protein complexes, altering signaling cascades and inducing cytotoxicity. However, throughout evolution, cells have developed numerous mechanisms to cope with stressors, including misfolded proteins. For example, ERK1/2 is hyperphosphorylated in HD cells and pharmacological activation of ERK1/2 is cytoprotective, suggesting that the ERK1/2 cascade may be a cellular coping mechanism (57). We recently found that SK1 regulates protective autophagy in neurons (8, 9) . Here, we showed that SK2 promotes neurotoxicity. Remarkably, Neurons transfected with mHtt ex1 -Q72-GFP þ mApple were treated with a vehicle or 1 lM ABC294640 (ABC). Exponential risk of death was calculated from KaplanMeier curves. Risk of death curves show that ABC294640 is also neuroprotective for striatal neurons that express mHtt ex1 . ***P < 0.001 (log-rank test). n.s., not significant (P ¼ 0.1). One hundred fifty neurons were analyzed. Results were pooled from at least three independent experiments. (C) Primary cortical neurons were cultured from wild-type (WT) BACHD (HD) mouse pups, transfected with GFP (a viability and morphology marker), and treated with a vehicle or 1 lM ABC294640 (ABC). Exponential risk of death was calculated from Kaplan-Meier curves. Risk of death curves show that ABC reduces the risk of death in HD cortical neurons. ***P < 0.001, *P ¼ 0.038 (log-rank test). Fifty neurons were analyzed from 3 WT mice and 3 HD mice. Results were pooled from two independent experiments.
(D) Primary striatal neurons were cultured from wild-type (WT) and BACHD (HD) mouse pups, transfected with GFP (a viability and morphology marker), and treated with a vehicle or 1 lM ABC294640 (ABC). Exponential risk of death was calculated from Kaplan-Meier curves. Risk of death curves reveal that ABC is neuroprotective for HD striatal neurons. ***P < 0.001 (log-rank test). mRNA (siSK2). Neurons were fixed 72 h after transfection and immunostained against cH2A.X. Neurons were imaged and analyzed. SK2 downregulation reduces cH2A.X puncta index, compared to controls. **P ¼ 0.0036 and ***<0.0001
(t-test). A.u., arbitrary units. One hundred fifty neurons per condition were analyzed from two independent experiments. (H) Cortical BACHD neurons were transfected with mApple and scrambled siRNA (siControl) or with mApple and siRNA against SK2 mRNA (siSK2), and then tracked longitudinally. Risk of death was calculated from Kaplan-Meier curves. Risk of death curves demonstrates that reducing SK2 expression is neuroprotective and reduces the risk of death. ***P < 0.001 (log-rank test). (I) Striatal BACHD neurons were transfected with mApple and scrambled siRNA (siControl) or with mApple and siRNA against SK2 mRNA (siSK2), and then tracked longitudinally. Risk of death was calculated from Kaplan-Meier curves. Risk of death curves demonstrates that reducing SK2 expression is neuroprotective and reduces the risk of death in striatal cultures. ***P < 0.001 (log-rank test). Results were pooled from two independent experiments. ERK1/2 regulates both SK1 and SK2 (31, 58) , at least in nonneuronal cells, suggesting that coping and pathogenic mechanisms can unfold in parallel. Future studies will investigate how these two arms of the ERK1/2 cascade function in mice and assess their temporal regulation during disease progression. Our study is the first to investigate if SK2 is involved in HD. Previously, upregulated SK2 was found to be pathogenic in Alzheimer's disease and in the hypoxic brain (59, 60) . In general, modulating S1P levels has shown benefits in animal models of cancer, sepsis, inflammation and other conditions (11) . Intriguingly, increasing the activity of SK2 has been proposed for treating anxiety disorders (12) . These studies underscore how targeting a fundamental biologic signaling pathway can yield new therapeutic avenues with applications to many challenging diseases.
Our data unexpectedly showed that striatal neurons are more sensitive to the expression of SK2 than cortical neurons ( Fig. 3C and D) . Notably, the levels of SK2 predict stronger neurotoxicity in striatal neurons than in cortical neurons ( Fig. 3E and  F) . In HD, extensive human pathology studies have been performed, and the literature shows that medium spiny neurons of the striatum are among the first to die and are more severely affected than cortical neurons (61) (62) (63) (64) (65) . Importantly, the levels of mHtt are stronger predictors of death in striatal neurons than in cortical neurons (17) . Our experiments mirror studies of the pathology in HD patients and the regional differences in cell loss and cell susceptibility to mHtt in the cortex and striatum.
Is there a connection between the SK2 pathway and the protein Htt? Htt forms intranuclear protein complexes that consist of transcription repressors, such as HDACs, that are disrupted by the polyQ expansions (66) . We hypothesize that SK2 is a part of a large protein complex that also contains Htt, and that the polyQ expansion disperses this complex. As a result, SK2 and mHtt may be the components of the same pathogenic signaling cascade, which first affects striatal neurons. This question is being pursued in our laboratory.
There has been a considerable interest in DNA damage in neurons over the last decade. DNA damage is observed in some extent in post-mitotic neurons under physiological conditions (67) . However, abnormally increased numbers of DSBs are associated with neuronal dyshomeostasis such as synaptic dysfunction and aging (67, 68) . Models of Alzheimer's disease and HD exhibit more DNA damage (67, 69) . Numerous pathways regulate DNA damage and repair in neurons (70) (71) (72) (73) . Interestingly, in addition to regulating transcription and chromatin structure, HDACs regulate DNA damage response. In some models, knockdown or pharmacological inhibition of HDAC1 results in the formation of DNA DSBs and cell death (4). HDAC1 and 2 accumulate at the sites of DNA damage, promoting DNA repair, at least in non-neuronal cells; therefore, over-inhibiting HDACs may result in enhanced DNA damage and neurodegeneration (74) . Our results suggest that under some pathological circumstances, SK2 may play a direct role in DNA damage in neurons as an inhibitor of HDACs. Therefore, SK2 might be a promising target for therapeutic development in HD, in which DNA damage is present (69) .
In summary, we demonstrated that nuclear SK2 is a part of pathogenic mechanisms in HD. Our data support previous findings that mHtt acts in the nucleus to induce neuronal death (75) . Future studies in mice will determine if targeting SK2 alleviates the disease phenotypes associated with the expression of mHtt.
Materials and Methods
Chemicals and plasmids
Antibodies against SK1 were from Novus Biologicals (#NBP1-22974; 1:100). Antibodies against SK2 (#sc-366378; 1:100), mouse antibodies against MAP2c (#sc-74421, 1:100), and rabbit antibodies against MAP2c (#sc-20172, 1:100) were from Santa Cruz Biotechnology. Anti-rabbit Alexa Fluor 488-labeled, anti-mouse Alexa Fluor 546-labeled, anti-rabbit Alexa 546-labeled, and antimouse Alexa 488-labeled secondary antibodies were from Life Technologies. Antibodies against cH2A.X (mouse monoclonal antibody, clone JBW301; 1:100-1:1000), mouse IgG(H þ L) conjugated with HRP (#AP308P, 1:3000), and rabbit IgG(H þ L) conjugated with HRP (#AP307P, 1:3000) were from EMD Millipore. Antibodies against phospho-SK2(Thr614) (rabbit polyclonal antibody) was from Avivasysbio (#OAAF00574; 1:1000). Antibodies against 53BP1 (#ab172580, 1:200) and antibodies against histone H4 (acetyl K5 þ K8 þ K12 þ K16) (#ab177790, 1:1000) were from Abcam. An antibody against mHtt (mouse monoclonal antibody) was from Sigma (clone 3B5H10; 1:1000). Rabbit antibodies against phospho-SK1(Ser225) were custom made by Yenzym Antibodies, LLC. Antibody against b-actin (mouse monoclonal antibody) was from Cell Signalling (#12262, 1:3000). Hoechst dye was from Santa Cruz Biotechnology (#sc-394039). (1s,3r,5R,7S)-3-(4-chlorophenyl)-N-(pyridin-4-ylmethyl)adamantane-1-carboxamide (ABC294640) was from Active Biochem (#A-1269). Etoposide was from Selleckchem (#S1225). pGW1-Htt ex1 -Q 17 -GFP and pGW1-Htt ex1 -Q 72 -GFP were described (18, 19) . pGW1-SK2-GFP and pGW1-SK2-mApple-NLS were cloned from pCMV6-XL4-SPHK2 (#SC113181, OriGene). pGW1-mHtt ex1 -Q 46 was derived from pGW1-mHtt ex1 -Q 46 -GFP plasmid (17) . Non-targeting siRNA (#D-001810) and siRNA against SK2 (#L-041258) were from Dharmacon.
Animals
Pregnant Long-Evans rats were purchased from Charles River Laboratories. Noncarrier female mice and male mice hemizygous for Tg(HTT*97Q)IXwy were purchased from the Jackson Laboratory. Rats and mice were maintained in accordance with guidelines and regulation of the University of Texas, Houston (protocol numbers #AWC-13-121 and #AWC-13-122). All experimental protocols were approved by the University of Texas, Houston. The methods were carried out in accordance with the approved guidelines.
Neuronal cultures and transfection
Cortices and striata from rat embryos (E17-19) or from WT and BACHD mouse new-born pups (P0) were dissected, dissociated, and plated on 24-well tissue-culture plates (7Â10 5 /well) coated with poly-D-lysine (BD Biosciences) as described (17) (18) (19) 41) . Cultures were made from individual pups delivered by a pair of WT female and BACHD male mice. The tails were cut and sent for genotyping to identify WT and BACHD cultures (Transnetyx).
Neurons were grown in a modified neuronal growth medium made from Neurobasal Medium (Life Technologies), B-27 supplement (Life Technologies), GlutaMAX (Life Technologies), and penicillin-streptomycin (Life Technologies). Some cultures were transfected after 4 days with Lipofectamine 2000 (Life Technologies) and with a total of 2-3 lg of plasmid DNA per well in 24-well plates, as described (17-19,41,76) .
In some experiments, neurons were electroporated with the Neon Transfection System from Thermo Fisher Scientific (1000 V pulse, pulse width: 30, pulse #2). We routinely had up to 60% transfection efficiency.
Fluorescence microscopy and image analysis
Imaging of fixed neurons was performed with the EVOS microscopy system (Life Technologies). Briefly, the plate was placed on the EVOS microscope stage, which automatically positions the 20x objective to the center of the first well and collects fluorescence images with the RFP filter (mApple; MAP2c), the GFP filter (GFP; MAP2c; cH2A.X; 53BP1; acetylated H4; SK2 and phosphorylated SK2), and the DAPI filter (Hoechst), thereafter moving the stage to each adjacent field in the well. These steps are repeated until all required wells are imaged. Images were analyzed with the EVOS software and ImageJ software.
cH2A.X, 53BP1, and H4 Ac-K fluorescence was analyzed by the puncta index. The puncta index is estimated by measuring the standard deviation of fluorescence intensity in a region corresponding to the neuronal nucleus (8, 30, 77) . Diffuse localization corresponds to a low puncta index, whereas punctate localization indicates a high puncta index.
Longitudinal fluorescent microscopy and survival analysis
Cortical and striatal cultures were transfected with plasmid DNA or with plasmid DNA and siRNA. Some cultures were treated with a vehicle or with 1 lM ABC294640. Cultures were then imaged every 24 h for a week. The plate was placed on the microscope stage, which automatically moves the 20x objective to the center of the first well and collects fluorescence images with the red filter (mApple) only or with the red filter (mApple, SK2-mApple-NLS) and the green filter (GFP, mHtt-GFP), thereafter moving the stage to each adjacent field in the well. These steps are repeated until all required wells are imaged. For tracking the same neurons over time, an image of the fiduciary field with neurons on the plate was collected at the first time-point and used as a reference image. Each time the same plate was imaged thereafter, the fiduciary image was aligned with the reference image. Neurons that died during the imaging interval were assigned a survival time. These event times were used to obtain the exponential cumulative survival graphs and analyzed for statistical significance by Log-Rank test with JMP software (SAS Institute) as described (8, 17, 18) . Fifty to three hundred neurons were analyzed from three independent experiments per condition. Curves were generated in JMP. Experiments were repeated at least 3 times.
Immunocytochemistry
Neurons were fixed with 4% formaldehyde for 15 min at room temperature, permeabilized in PBS containing 0.1% Triton X-100, and blocked for 1 h in PBS containing 10% serum from the host species of a secondary antibody. Cells were incubated with a primary antibody diluted in blocking buffer at 4 C overnight.
Cells were then washed with blocking buffer, and incubated with a secondary antibody in blocking buffer for 1 h at room temperature. Nuclei were stained with Hoechst dye in PBS. Cells were washed again three times for 5 min with PBS and analyzed.
Preparation of nuclear extracts
To harvest nuclei, neurons were swelled and burst in 10 mM HEPES (pH 7.8), 10 mM KCl, 0.1 mM EDTA, 1 mM Na 3 VO 4 , 1 mM DTT, 0.2 mM PMSF, protease inhibitors (#10810400, Roche) and phosphatase inhibitors (#P5726, Sigma). Neurons were incubated on ice for 15 min, and Triton X-100 was added (0.75%). A plate was vortexed for 10 sec, and the supernatant was carefully collected. Nuclei were collected by centrifugation at 3000 rpm, for 3 min at 4 C. Pellets were resuspended in 20 mM HEPES (pH 7.8), 0.4 M NaCl, 1 mM EDTA, 1 mM Na 3 VO 4 , 1 mM DTT, and protease and phosphatase inhibitors.
Immunoblotting BACHD and WT mice (8-10 months of age) were deeply anesthetized with sodium pentobarbital (100 mg/kg) and transcardially perfused with PBS containing a cocktail with phosphatase and protease inhibitors. Brains were removed and cryoprotected. Brain tissue or neuronal cultures were lysed in RIPA buffer (150 mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris/HCl (pH 8.0), containing phosphatase and protease inhibitors cocktail) at 4 C. Lysates were vortexed and centrifuged at 14000 g for 10 min at 4 C. Supernatants were collected, and protein concentrations were determined using the Bicinchoninic Acid Protein Assay Kit (Thermo Scientific), according to the manufacturer's protocol. Samples were analyzed by SDS/PAGE (10-16% gels), and proteins were transferred on to PVDF membranes by the iBlot2 system (Life Technologies). Membranes were blocked with 5% (w/v) non-fat dried skimmed milk and incubated overnight with the corresponding primary antibodies. Then membranes were washed with TBS (Tris-buffered saline; 10 mM Tris/HCl and 150 mM NaCl (pH 7.4)) and probed with secondary antibodies for 1 h. Signals were visualized using Pierce ECL Western Blotting Substrate (Thermo Scientific) on Medical X-Ray Film (Kodak).
Metabolic profiling by liquid chromatography and mass spectrometry S1P was measured using Agilent 1290 HPLC coupled with the 6495 triple quadrupole (QQQ) mass spectrometer. A HILIC column (SeQuant ZIC-HILIC, 100 Â 2.1 mm, 3.5 lm, 100A) was used to separate the compound. The mobile phase A was 50 mM ammonium formate in water with 0.2% formic acid, and the mobile phase B was 5% mobile phase A and 95% acetonitrile with 0.2% formic acid. The initial gradient B was set at 100%, then decreased to 50% at 1.9 min and kept constant until 4 min. After that, the mobile phase B increased to 100% for equilibrium at 4.1 min and stayed until 6 min. The flow rate was 0.5 ml per min, and the injection volume was 20 ll. The MRM transition for S1P is 378.2-79.2 at the negative mode. C17-S1P was used as an internal standard. The nitrogen drying gas was set with a flow rate of 14 l/min at 275 C. The pressure of the nitrogen nebulizing gas was set at 20 psi. The sheath gas temperature was 300 C, and the sheath gas flow was 12 l/min. The capillary voltage was set at 3000 volts. The Nozzle voltage was 1500 volts. The optimized high pressure RF was set as 150 volts, and the low pressure RF was set as 60 volts.
